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Photovoltaic  energy  has  nowadays  an  increased  importance  in  electrical  power  applications,  since  it  is 
considered  as  an  essentially  inexhaustible  and  broadly  available  energy  resource.  However,  the  output 
power  provided  via  the  photovoltaic  conversion  process  depends  on  solar  irradiation  and  temperature. 
Therefore,  to  maximize  the  efficiency  of  the  photovoltaic  energy  system,  it  is  necessary  to  track  the 
maximum  power  point  of  the  PV  array.  The  present  paper  proposes  a  maximum  power  point  tracker 
(MPPT)  method,  based  on  fuzzy  logic  controller  (FLC),  applied  to  a  stand-alone  photovoltaic  system. 
It  uses  a  sampling  measure  of  the  PV  array  power  and  voltage  then  determines  an  optimal  increment 
required  to  have  the  optimal  operating  voltage  which  permits  maximum  power  tracking.  This  method 
carries  high  accuracy  around  the  optimum  point  when  compared  to  the  conventional  one.  The  stand-alone 
photovoltaic  system  used  in  this  paper  includes  two  bi-directional  DC/DC  converters  and  a  lead-acid 
battery  bank  to  overcome  the  scare  periods.  One  converter  works  as  an  MPP  tracker,  while  the  other 
regulates  the  batteries  state  of  charge  and  compensates  the  power  deficit  to  provide  a  continuous  delivery 
of  energy  to  the  load.  The  Obtained  simulation  results  show  the  effectiveness  of  the  proposed  fuzzy  logic 
controller. 

©  2009  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

As  conventional  energy  sources  are  dwindling  fast  with  a  con¬ 
sequent  rise  in  cost,  considerable  attention  is  being  paid  to  other 
alternative  sources.  Solar  energy  which  is  free  and  abundant  in  most 
parts  of  the  world  has  proven  to  be  an  economical  source  of  energy 
in  many  applications.  The  photovoltaic  process  is  a  technology  in 
which  radiant  energy  from  the  sun  is  converted  to  direct  current 
(DC)  electricity.  The  photovoltaic  process  is  completely  solid  state 
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and  self  contained.  There  are  no  moving  parts  and  no  materials  are 
consumed  or  emitted.  The  PV  array  has  a  unique  operating  point 
that  can  supply  maximum  power  to  the  load.  This  point  is  called 
the  maximum  power  point  (MPP).  The  locus  of  this  point  has  a 
non-linear  variation  with  solar  irradiation  and  the  cell  tempera¬ 
ture.  Thus,  in  order  to  operate  the  PV  array  at  its  optimum  point, 
the  system  must  contain  impedance  adapter.  It  is  in  fact  a  DC  or  AC 
converter,  driving  by  classic  or  advanced  controller  [1,2]. 

Many  methods  and  controllers  have  been  widely  developed  and 
implemented  to  track  the  maximum  power  point  (MPP).  A  look¬ 
up  table  based  on  a  microcomputer  is  employed  in  Ref.  [3].  It  uses 
a  database  that  includes  parameters  and  data  such  as  PV  genera¬ 
tor’s  typical  curves.  In  Ref.  [4],  curve-fitting  method  is  used,  where 
the  non-linear  characteristic  of  PV  generator  is  modelled  using 
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Fig.  1.  Structure  of  a  stand-alone  PV  system. 


mathematical  equations  or  numerical  approximations.  These  two 
algorithms  require  a  large  memory  capacity,  for  calculation  of  the 
mathematical  formulations  and  data  storing.  References  [5,6]  use 
pilot  panels  to  perform  MPP  tracking.  The  optimum  current/voltage 
presents  a  linear  dependency  with  short  circuit  current/open  cir¬ 
cuit  voltage,  respectively.  These  methods  are  apparently  simple  and 
economical,  but  they  cannot  be  adapted  to  changing  environmental 
conditions.  Most  control  schemes  use  the  P&O  technique,  which  is 
based  on  iterative  algorithms,  because  it  is  easy  to  implement  but 
the  oscillation  problem  is  unavoidable  [7-11  ].  A  conductance  incre¬ 
mental  method  requires  complex  control  circuit  [11].  The  two  last 
methods  have  some  disadvantages  such  as  high  cost,  complexity 
and  instability. 

Other  intelligent  based  control  schemes  have  been  introduced 
(fuzzy  logic,  neural  network)  [11-22].  The  inputs  of  the  fuzzy  logic 
controllers  are  an  error  and  an  error  variation,  the  output  is  a  duty 
cycle  or  its  variation.  The  fuzzy  controller  introduced  in  [12-14] 
uses  dPpv/d/pv  and  its  variations  A(dPpv/d/pv)  as  inputs,  computes 
MPPT  converter  duty  cycle  in  the  first  reference  and  the  variation 
of  the  last  one  in  the  two  other  references.  Whereas,  the  fuzzy 
tracker  in  [15-17]  considers  variation  of  duty  cycle  as  an  output  but 
replaces  dPpv/d/pv  by  the  variation  of  panel  power.  The  linguistic 
variables  assigned  to  output  for  different  combinations  of  inputs 
are  based  on  the  power  converter  being  used.  In  Ref.  [13],  a  FLC 
developed  is  inadequate  when  the  operating  conditions  change  in 
a  wide  range.  The  adaptive  FLC  [13]  and  the  FCM  [14]  approach 
which  is  a  hybrid  modelling  methodology,  exploiting  the  charac¬ 
teristics  of  fuzzy  logic  and  neural  networks  theories,  presents  much 
high  computation. 

In  our  case,  inputs  parameters  used  to  generate  the  optimal 
reference  voltage  which  correspond  to  a  maximum  power  are 
power  variation  (APpv)  and  voltage  variation  (AVpv).  As  output, 
it  determines  the  optimal  increment  which  must  be  added  to  the 
operating  voltage  for  tracking  the  MPP  in  order  to  assure  fast 
and  fine  tracking.  Contrary  to  the  conventional  perturbation  and 
observation  (P&O)  algorithm  which  uses  constant  perturbation  to 
determine  the  operating  voltage  that  produces  oscillations  of  the 
operation  point  around  the  MPP  at  a  steady  state.  This  controller 
is  suitable  for  any  DC/DC  topology  and  gives  robust  performances 
under  variations  in  environmental  operating  conditions  and 
load. 

The  performance  of  the  new  FLC  is  tested  using  stand-alone 
PV  system  for  various  operational  conditions,  such  as  changing 
solar  radiance,  temperature  and  load.  The  paper  is  organized  as 
follows.  In  Section  2,  we  present  the  stand-alone  photovoltaic  sys¬ 
tem  with  battery  storage  used.  Mathematical  relations  between 
the  essential  variables  of  a  PV  system  are  presented  in  Section  3. 


These  relations  are  necessary  for  simulating  its  operation  under 
different  solar  radiance  and  temperature.  Due  to  the  fluctuation 
nature  of  photovoltaic  energy  source,  batteries  are  added  in  order 
to  ensure  continuous  power-flow.  The  storage  battery  model  used 
is  presented  with  obtained  measurement  results.  In  order  to  track 
the  MPP  of  a  PV  system,  an  MPPT  method,  which  is  based  on  a 
fuzzy  controller,  is  developed  in  Section  4,  while  in  Section  5,  the 
obtained  simulation  results,  using  the  MATLAB®-SIMULINI<®  pack¬ 
age  [23  ]  are  given  and  interpreted.  These  last  runs  based  on  sampled 
local  climatic  data  of  one  month.  Finally,  Section  6  concludes  the 
work. 

2.  System  description 

Fig.  1  shows  a  synoptic  scheme  of  the  PV-stand-alone  photo¬ 
voltaic  system  used  in  this  paper.  It  includes  a  PV  array  of  110  W,  two 
DC/DC  converters.  The  first  allows  maximum  utilization  of  the  pho¬ 
tovoltaic  array,  while  the  second,  and  via  its  bi-directional  nature, 
performs  two  tasks:  The  battery’s  state-of-charge  (SOC)  control  and 
a  power-flow  controller  to  ensure  a  continuous  delivery  of  energy 
to  the  load  whatever  environmental  conditions  variations  and  load 
disturbances.  Depending  on  environmental  conditions,  the  stand¬ 
alone  PV  system  operates  in  one  of  the  two  following  modes  of 
operation: 

-  Batteries  charge  mode:  in  this  mode  the  PV  arrays  generate  suffi¬ 
cient  energy  to  feed  the  load  and  charge  battery. 

-  Power  compensation  mode:  in  this  mode  the  energy  available  in 
PV  arrays  is  not  sufficient  to  supply  the  load,  the  battery  bank 
supplements  the  energy  required  by  the  load.  A  particular  oper¬ 
ation  in  this  mode  occurs  when  there  is  no  available  energy  at 
PV  arrays.  In  this  case,  the  battery  bank  supplies  full  load  current. 
The  converter  displayed  is  a  boost  one;  it  amplifies  the  voltage  of 
battery  to  produce  the  load  voltage. 
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3.  Modeling  of  the  proposed  system 

3.1  Model  of  PV  Array 

The  PV  generator  is  a  non-linear  device  and  is  usually  described 
by  its  I-V  characteristics  and  by  the  equivalent  circuit.  Various 
mathematical  models  of  photovoltaic  generators  were  developed 
to  represent  this  non-linear  behaviour  which  results  from  the 
semiconductors  junctions.  In  the  present  work,  the  called  “Four- 
Parameter  Model”  which  is  widely  used  by  different  software  is 
used  [24].  It  predicts  with  success  the  performance  of  single  crystal 
and  polycrystalline  PV  arrays:  Fig.  2 

The  PV  array  equivalent  circuit  current  Jpv  can  be  expressed  as  a 
function  of  the  PV  array  voltage  Vpv: 

/pv  =  /*{! -K,  [exp K2V™  -  1]  }  (1) 

where  the  coefficients  K\ ,  I<2  and  m  are  defined  as  [24]: 

/<!  =  0.01175 


1<  I<4 
1<2=vm 

v  oc 

(2) 

C 

II 

$ 

/sc(l  +  Ki  )  —  /mpp 
Kl/sc 

(3) 

& 

II 

ET 

ri  +Kii 

L  \ 

(4) 

Table  1 

Parameter  of  the  PV  panel  SIEMENS 
SM  110-24. 


Ppv 

110W 

fmpp 

3.15  A 

l^mpp 

35  V 

he 

3.45  A 

Vac 

43.5  V 

Olsc 

1.4  mA/°C 

Poc 

-152m  V/°C 

Fmpp 

110W 

!n  [K3/K4] 

m= — ^ ~  =r  (5) 

In  [Vmpp/Voc] 

where:  Vmpp:  maximum  power  point  voltage;  Voc:  open  circuit  volt¬ 
age;  /mpp;  maximum  power  point  current;  Isc :  short  circuit  current. 

The  I-V  curve  is  essentially  affected  by  the  variation  of  two 
inputs:  the  solar  irradiance  and  the  array  temperature.  The  adapta¬ 
tion  of  Eq.  ( 1 )  for  different  levels  of  solar  insolation  and  temperature 
can  be  handled  by  the  following  equations  [24]: 


u 

1 

II 

<1 

(6) 

A/pv  —  of  sc  ( 1  ATc  +  f  — - 1 

V  tjstc  /  V  ^stc 

^  /sc.stc 

(7) 

AVpv  =  — ^ocA Tc  —  Rs  A/pv 

(8) 

where:  asc :  current  temperature  coefficient;  /30C :  voltage  tempera¬ 
ture  coefficient;  Rs :  series  cell  resistance. 


Fig.  3.  PV  array  structure,  controller,  inverter  and  battery. 


902 


S.  Lalouni  et  al.  /  Journal  of  Power  Sources  193  (2009)  899-907 


The  new  values  of  the  photovoltaic  voltage  and  current  are  given 
by: 

Vpv, new  =  1/pv  +  ^Vpv  O) 

fpv.new  —  fpv  +  2\J pV 

Table  1  shows  PV  panel’s  data  at  STC  for  a  SM 110-24  panel  which 
is  used  in  simulations.  The  PV  system  in  Fig.  3  is  located  at  the 
University  of  Bejaia  (Algeria). 

The  curves  power- voltage  Ppv(  Vpv)  and  current- voltage  Jpv(  Vpv) 
of  the  photovoltaic  panel,  are  carried  out  by  varying  the  load’s 
resistance  for  three  levels  of  irradiance  and  temperature  (Fig.  4a 
and  b).  The  experimental  characteristics  obtained  are  com¬ 
pared  to  the  simulation  characteristics  for  the  same  operating 
conditions  (G  =  450Wm-2,  Tc  =  25  °C;  C  =  650Wm-2,  Tc  =  33  °C; 
G  =  900Wm-2,  Tc  =  35°C). 

From  the  current  and  power  characteristics  (Fig.  4),  the  non¬ 
linear  nature  of  the  PV  array  is  apparent.  Therefore,  an  MPPT 
algorithm  must  be  incorporated  to  force  the  system  to  always  oper¬ 
ate  at  the  maximum  power  point  (MPP). 

3.2.  Electrical  model  of  Battery 

The  system  of  storage  is  composed  of  two  lead-acid  batteries  of 
12  V,  92  Ah  inter-connected  in  series  to  have  24  V.  In  practice,  the 


Fig.  4.  (a)  Experimental  and  simulation  curves  Pv  (VPV).  (b)  Experimental  and  sim¬ 
ulation  curves  Jpv  (Vpv). 


Fig.  5.  Circuit  measurement  of  battery  impedances. 


- VI  (v) - V2  (v) 


Fig.  6.  Signals  measured  V\  and  V2. 


determination  of  the  batteries’  impedances  is  often  made  on  sta¬ 
tionary  behaviour.  The  basic  principle  is  to  impose  on  the  battery 
an  excitation  in  voltage  or  current  in  order  to  deduce  in  response 
to  this  excitation,  an  Ohmic  representation  of  its  internal  state  [25]. 
Measurement  at  weak  frequency  gives  more  information  on  elec¬ 
trochemical  operation  because  the  internal  kinetics  of  the  battery 
has  thus  the  time  to  react  to  the  imposed  disturbance.  In  order  to 
determine  the  internal  impedance  of  the  battery  (12  V,  92  Ah)  for 
one  state  of  charge  of  the  battery,  we  superimpose  an  alternate 
sinusoidal  signal  of  50  Hz  frequency  to  the  continuous  component 
of  the  battery  according  to  following  steps: 


- V2(V) - VI  (V) 


Frequency  (Hz) 


Fig.  7.  Harmonic  spectrum  of  signals  V\  and  V2. 
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Table  2 

Fuzzy  rule  table. 


Table  3 

Simulation  parameters. 


PV  power  Pmp p 

110W 

Load  power  Pch 

70  W 

Load  voltage  Vch 

48  V 

Battery  voltage  Vbatt 

24  V 

Inductor  Ls 

ImH 

Inductor  Lbatt 

ImH 

Capacitor  Cpv 

1.2  mF 

Capacitor  Cbatt 

330  [xF 

Capacitor  CCh 

470  |xF 

We  close  the  battery  on  a  circuit  including  a  variable  resistance, 
limitation  (15.8  £2, 10  A),  a  shunt  (250  V,  10  A)  a  current  sensor,  com¬ 
posed  by  a  series  resistance  (250  V,  10  A)  and  a  source  of  alternating 
voltage  (0-36  V,  20  A).  The  measurement  system  (Fig.  5)  is  devel¬ 
oped. 

We  measure  two  voltages  using  an  oscilloscope:  the  voltage  at 
the  shunt  terminals  which  is  a  direct  picture  of  the  current  circu¬ 
lating  in  the  circuit  and  the  battery  voltage.  The  ratio  of  these  two 
voltages  and  their  phase-shift  provides  the  absolute  value  of  the 
internal  impedance  of  the  battery. 

Measures  are  carried  out  by  a  digital  oscilloscope  (Tektronix 
TDS3032,  300  MHz).  These  digital  measurements  are  then  trans¬ 
ferred  to  a  computer  for  analysis. 

Fig.  6  presents  the  signals  recovered  by  Excel.  The  signal  (Vi )  is 
a  direct  image  of  the  measurement  AC  current  (conversion  factor: 
25  V  =  1  A)  while  the  second  signal  represents  the  resulting  voltage 
on  the  battery’s  sides. 

We  remark  a  capacitance  character  of  the  battery  to  this  mea¬ 
surement  frequency.  An  analysis  by  Fourier  transform  is  applied  to 


Fig.  10.  Geographical  situation  of  Bejaia. 


the  signals  of  (Fig.  6)  and  confirms  well  the  fundamental  frequency 
of  50  Hz  (Fig.  7). 

The  battery  behaves  as  a  complex  impedance  Zbatt  with  a  resis¬ 
tance  Pbatt  and  a  reactance  Xbatt  to  this  disturbance. 

-^batt  =  ^batt  —  J^batt  (10) 

From  the  module  ofZbatt  and  the  phase-shift,  we  can  deduce  the 
real  part  Pbatt  and  imaginary  Xbatt  of  the  impedance  for  a  state  of 
charge.  The  obtained  values  are:  Pbatt  =  0.756  £2,  Xbatt  =  0.072  £2  and 
Cbatt  =  44.2  mF.  These  values  change  according  to  the  state  of  charge 
of  the  battery. 

4.  The  fuzzy  MPPT  controller 

The  proposed  FLC  measures  the  PV  array  characteristics  and  then 
perturbs  the  operating  voltage  by  an  optimal  increment  ( AVpvref) 
and  the  resulting  PV  power  change.  The  power  variation  ( APpv)  is 
either  in  the  positive  direction  or  in  the  negative  one.  The  value 
of  (APpv)  can  also  be  small  or  large.  From  these  judgements,  the 
reference  photovoltaic  voltage  variation  (AVpvref)  is  increased  or 
decreased  in  a  small  or  respectively  large  way  in  the  direction 
which  makes  it  possible  to  increase  the  power  Ppv.  The  control  rules 
are  indicated  in  Table  2  with  (APpv)  and  (AVpv)  as  inputs,  while 
(AVpv  ref)  represents  the  output.  These  inputs  and  output  variables 
are  expressed  in  terms  of  linguistic  variables  (such  as  BN  (big  nega- 


Fig.9.  Structure  of  MPPT  fuzzy  controller. 
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tive),  MN  (means  negative),  SN  (small  negative),  Z  (zero),  SP  (small 
positive),  MP  (means  positive),  and  BP  (big  positive)). 

From  these  linguistic  rules,  the  FLC  proposes  a  variation  of  the 
reference  voltage  AVpvref  according  to  Eqs.  (11-13). 

Z\Ppv  =  Ppv[fc]  -  Ppv[k  -  1  ]  (11) 


e 


2  2.001  2.002  2.003  2.004  2.005 

Time  (s) 


AVpv  =  Vpv[k]-Vpv[k-l]  (12) 

WrfK ]  =  VPv[/<  -  1 1  +  2%v,ref[/<]  (13) 

where  Ppv[/<]  and  Vpv[/<]  are  the  power  and  voltage  of  the  photo¬ 
voltaic  generator  at  sampled  times  (/<),  and  Vpvref[/<]  the  instant  of 
reference  voltage.  Fig.  8  gives  an  example  of  a  track  in  the  Ppv(Vpv) 
plan  for  a  constant  irradiance  and  temperature. 

If  a  great  increase  in  the  voltage  Vpv  involves  a  great  increase  in 
the  power  Ppv,  the  reference  voltage  Vpv,ref  will  continue  to  strongly 
increase  (point  A  to  B  or  point  B  to  C).  If  a  great  increase  in  the  voltage 
Vpv  involves  a  reduction  in  the  power  Ppv  (point  C  to  D),  the  refer¬ 
ence  voltage  Vpv  ref  the  voltage  will  decrease  to  obtain  a  fast  increase 
in  the  power  Ppv.  Contrary,  if  a  reduction  in  the  voltage  Vpv  involves 
a  weak  increase  in  the  power  Ppv  then  we  get  closer  to  the  optimal 
reference  voltage  and  this  is  the  beginning  of  the  stabilization  as 
shown  in  Fig.  8.  When  solar  radiation  and  temperature  varies,  the 
same  types  of  rules  are  applied  to  track  the  maximum  power  point. 
The  fuzzy  logic  controller  structure  is  show  in  Fig.  9.Where  K\,  JC2 
and  I<3  are  adaptive  gains. 

The  bloc  fuzzy  logic  controller  includes  three  functional  blocks: 
fuzzification,  fuzzy  rule  algorithm,  and  defuzzification. 

The  membership  functions  of  inputs  variables  APpv  and  AVpv 
are  triangular  and  have  seven  fuzzy  subsets.  Seven  fuzzy  subsets  are 
also  considered  for  the  output  variable  AVpvref.  The  control  rules 


e 


Fig.  11.  (a)  Transitional  state  of  solar  panel  power,  (b)  Waveform  in  steady  state  of  Fig.  12.  (a)  Power-voltage  characteristic  of  a  PV  array,  (b)  Current-voltage  charac- 
the  solar  panel  power,  (c)  Waveform  in  steady  state  of  solar  panel  voltage.  teristic  of  a  PV  array  for  different  irradiance  for  different  irradiance. 
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are  indicated  in  Table  2  with  A Ppv  and  A  Vpv  as  inputs  and  AVpvref 
as  the  output.  The  fuzzy  inference  is  carried  out  by  using  Sugeno’s 
method  [26],  and  the  defuzzification  uses  the  centre  of  gravity  to 
compute  the  output  of  this  FLC. 

As  explained  previously,  the  FLC  optimises  the  reference  volt- 
age  (Vpvref)  for  maximum  power  tracking.  This  voltage  represents 
a  positive  input  (reference)  of  the  PI  controller,  which  performs  the 
voltage  control  in  steady  state.  The  PI  loop  operates  with  a  fast  rate 
and  provides  fast  response  and  overall  system  stability  [27]. 

5.  Numerical  simulation 


In  the  following  simulations,  the  irradiance  level  and  the  cell 

temperature  are  considered  to  vary  as: 

-  Solar  radiation  level  G  changes  from  900  to  450  Wm-2  and  tem¬ 
perature  Tc  changes  from  35  to  25  °C. 

-  Temperature  (Tc)  changes  from  10  to  50  °C  for  constant  solar  radi¬ 
ation  of  1000  Wm-2. 

-  Operation  of  the  system  for  variations  of  solar  radiation  and 
temperature  measured  during  one  month  (April  2007),  at  the  uni¬ 
versity  of  Bejaia  (36°43'N  5°04rE  2  m),  which  is  a  coastal  city  of 
North  East  of  Algeria  (Fig.  10). 


The  proposed  system  is  composed  of  photovoltaic  panel  of 
110  W,  two  storage  batteries  of  12  V,  92  Ah  and  output  resistive 
power  Plo  of  70  W.  Various  simulations  evaluate  the  performances 
of  the  system.  The  various  parts  of  the  system  (photovoltaic  panel, 
DC/DC  converter,  battery  and  load),  are  modelled  by  separate  blocks 
then  related  in  a  coherent  way,  while  the  MPPT  is  controlled  by 
the  proposed  fuzzy  logic  controller  (FLC).  The  voltage  load  is  con¬ 
trolled  by  a  PI  regulator  to  maintain  it  at  a  constant  value  of  48  V. 
The  system  components  of  Fig.  1  are  used  in  the  simulation  and  its 
parameters  are  described  in  Table  3. 


e 


Fig.  13.  (a)  Power-voltage  characteristic  of  a  PV  array,  (b)  Current-voltage  charac¬ 
teristic  of  a  PV  array  for  different  temperature  for  different  temperature. 


In  order  to  test  the  robustness  of  the  proposed  algorithm,  sim¬ 
ulation  results  were  carried  out  using  the  conventional  (P&O) 
method  under  the  same  operating  conditions. 

Fig.  11  presents  solar  panel  power  (Ppv)  and  solar  panel  volt¬ 
age  (Vpv)  for  the  two  MPPT  controllers  (P&O  and  FLC).  The  fuzzy 
logic  controller  (FLC)  gives  us  a  fast  response  since  it  reaches  its 
optimal  value  at  0.425  s  compared  to  perturbation  and  observation 
P&O  method  which  requires  much  time  to  track  the  MPP  ( 1.05  s)  and 
presents  oscillations  around  the  operating  point  at  a  steady  state. 
The  FLC  allows  reduction  not  only  in  the  convergence  time  to  track 
the  MPP,  but  also  in  the  fluctuation  of  power  in  steady  state,  as  it  is 
clearly  presented  in  Fig.  11. 

The  PV  characteristics  using  FLC  and  the  theoretical  PV  array 
characteristics  are  illustrated  in  Fig.  12a  and  b  for  variations  in  solar 
radiation  level  and  temperature.  The  decrease  of  the  solar  radia¬ 
tion  implies  a  decrease  of  the  PV  power.  Then,  the  FLC  determines 
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Fig.  14.  (a)  Optimal  voltage  and  current  of  PV  array,  (a)  Optimal  voltage  and  current 
of  PV  array  for  different  irradiance  level  with  fuzzy  logic  controller  for  different 
temperature  with  fuzzy  logic  controller. 
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continuously  the  optimal  voltage  which  gives  us  maximum  power 
corresponding  to  this  solar  radiation.  In  Fig.  13a  and  b„  the  PV  array 
characteristics  for  variations  in  temperature  (Tc)  at  constant  solar 
radiation  are  given.  The  MPP  of  a  PV  array  varies  according  to  tem¬ 
perature  and/or  solar  radiation  variations.  The  FLC  can  drive  quickly 
the  system  to  the  new  MPP  when  an  abrupt  change  of  the  MPP 
occurs.  From  the  simulations  results,  it  is  clear  that  the  operating 
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point  of  this  system  operate  closer  to  a  maximum  power  point  for 
variations  in  solar  radiation  and  temperature.  Fig.  14a  and  b  shows 
the  relationship  between  solar  radiance,  temperature  and  optimal 
PV  array  voltage  Vmpp  and  current  /mpp. 

In  order  to  study  the  system’s  performance  during  a  certain 
period  of  time  with  the  proposed  fuzzy  logic  controller  (FLC), 
we  use  the  experimental  solar  radiation  and  temperature  data  of 
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Fig.  15.  (a)  Measured  solar  radiance,  (b)  Measured  temperature,  (c)  Load  power,  (d)  Solar  panel  power,  (e)  Solar  panel  voltage,  (f)  Solar  panel  current,  (g)  Batteries  current, 
(h)  Load  voltage. 
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Fig.  15.  ( Continued ). 


means/day  which  are  recorded  at  the  University  of  Bejaia  in  April 
2007  and  given  in  Fig.  15a  and  b.  The  solar  radiation  varies  up  from 
347  to  873  Wm-2  and  temperature  varies  up  from  16  to  28  °C.  In 
Fig.  15c,  the  load  power  variation  Plo  is  shown  (±20%  of  Plo).  The 
step’s  profile  is  used  to  express  the  operating  modes  of  the  stand¬ 
alone  PV  system  (batteries  charge  mode  and  power  compensation 
mode). 

In  Fig.  15d,  the  maximum  power  tracked  from  the  PV  array  is 
shown.  The  corresponding  optimal  voltage  VpV)ref  obtained  from  the 
fuzzy  logic  controller  is  represented  in  Fig.  15e.  The  FLC  measures 
instantaneously  PV  voltage  and  current  variations  and  determines 
quickly  the  optimal  increment  required  to  have  the  operating  volt¬ 
age  for  tracking  the  MPP  even  when  the  operating  environmental 
conditions  change  rapidly  and  in  a  wide  range.  The  photovoltaic 
current  /pv  develops  according  to  the  variations  of  solar  radiation 
(Fig.  15f).  Fig.  15g,  shows  batteries  current  Jbatt.  When  PV  power 
is  greater  than  load’s  power,  the  batteries  will  charge  (batteries 
charge  mode).  During  periods  of  insufficient  generation,  the  battery 
bank  postpones  its  recharge  cycle  and  supplements  the  generation 
at  the  expense  of  its  stored  energy  (power  compensation  mode).  In 
Fig.  15h,  we  can  see  the  load’s  voltage,  it  is  well  controlled  to  keep  it 
at  a  constant  value  of  48  V  whatever  the  environmental  conditions 
and  the  load  change;  the  PI  regulator  rejects  these  disturbances. 

6.  Conclusion 

A  novel  method  for  maximum  power  point  tracking  was  pre¬ 
sented  in  this  paper  based  on  fuzzy  logic  theory.  The  proposed 
controller  is  used  to  speed-up  the  procedure  of  reaching  the  accu¬ 
rate  maximum  power  point  of  a  photovoltaic  array  under  changing 
environmental  conditions.  The  FLC  adjust  appropriately  the  optimal 
increment’s  magnitude  of  voltage  required  for  reached  the  opti¬ 
mum  operating  voltage  (tracking  the  MPP).  The  method  presents 
very  good  results,  where  the  PV  system  is  continuously  operating 
at  the  maximum  power  point  with  fast  and  fine  tracking  regardless 
of  the  weather  variations,  when  compared  to  with  the  conventional 
method.  In  addition,  we  have  determined  an  experimental  battery 
model  by  superimposing  an  alternating  sinusoidal  signal  of  50  FIz 
to  the  continuous  component  of  the  battery.  We  deduce  its  capaci¬ 
tance  behaviour  to  this  measurement  frequency.  The  robustness  of 
the  FLC  was  tested  via  various  variations  of  solar  radiation  and  tem¬ 
perature.  The  obtained  results  demonstrate  the  flexibility  nature 


of  the  FLC  controller  against  climatic  variations,  and  confirm  the 
effectiveness  of  the  developed  method. 
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